, but the amount of total particulate matter in sidestream smoke is 1.3-1.9 times greater than in mainstream smoke (10). Thus, sidestream smoke particles reach more distant alveolar spaces of the lung to a larger extent than do the mainstream smoke particles (6). The amount of organic compounds in sidestream smoke is greater than in mainstream smoke (4).
Environmental tobacco smoke (ETS) is a major contributor to indoor air pollution wherever smoking occurs (1) (2) (3) . Studies have shown that ETS contains a variety of genotoxic and carcinogenic compounds (2, 4) that are chemically similar to those in mainstream and sidestream smoke (5) . Epidemiological studies indicate an association between environmental tobacco smoke exposure and an increased risk for cancer (6) (7) (8) (9) . The Environmental Protection Agency (EPA) has classified ETS as a human lung class A carcinogen, on par with radon and asbestos, and concluded that ETS is responsible for approximately 3000 lung cancer deaths per year for nonsmokers in the United States (5) . ETS is the only agent classified by EPA as a known human carcinogen for which an increased cancer risk has actually been observed at typical environmental levels of exposure (5) .
Sidestream smoke, which is emitted from the tobacco products during puff intervals, constitutes at least 85% of ETS (1) , contributing nearly all of the vaporphase constituents and over half of the particulate matter (5) . The particles in sidestream smoke are about 10 times smaller (0.01-0.1 pm) than those in mainstream smoke (0.1-1.0 pm) (1, 6) , but the amount of total particulate matter in sidestream smoke is 1.3-1.9 times greater than in mainstream smoke (10) . Thus, sidestream smoke particles reach more distant alveolar spaces of the lung to a larger extent than do the mainstream smoke particles (6) . The amount of organic compounds in sidestream smoke is greater than in mainstream smoke (4) .
Studies on the mutagenicity of ETS have been reviewed by Claxton et al. (2) . Using bacterial mutagenicity as a genotoxic assessment of ETS, they concluded that 70% of the total mutagenicity of ETS is associated with the particle fraction of sidestream or mainstream smoke (2) .
Tar from sidestream smoke, like that from mainstream smoke, contains a persistent radical that can be studied directly by electron spin resonance (ESR) (11, 12) . These radicals can be extracted into aqueous solutions (13) . We determined that these aqueous cigarette tar extracts nick plasmid DNA (14) and cause DNA nicking in viable mammalian cells (13) , and this nicking follows saturation kinetics (13) .
We now report studies that show the tar component in sidestream smoke produces DNA nicks in viable mammalian cells. We also report the effects of reduced glutathione (GSH), catalase, superoxide dismutase (SOD), diethylenetriamine pentaacetic acid (DTPA), and deferoxamine on the yield of DNA nicks caused by ETS tar solutions.
Materials and Methods
Chemicals and enzymes were purchased from Sigma Chemical Co. (St. Louis, Missouri) and used without further purification. Solutions of GSH, (800 mM), DTPA (240 mM), catalase (1 mg/ml), SOD (1 mg/ml), and deferoxamine (12 mM) , were prepared in distilled water just before use. Inactivated SOD and catalase were prepared by boiling the enzymes for 2 min; catalase was boiled in 1 N NaOH and then the pH was adjusted to 7.4 with HCI. Inactivated enzyme solutions were stored at 40C.
Preparation of ETS. Research-grade cigarettes (2R1) from the Kentucky Tobacco Research Council were smoked to a butt length of 30 mm using a standard puff profile (30 ml puff/30 sec). We collected the sidestream smoke using the apparatus shown in Figure 1 (11,15) . The smoke that accumulated inside the threenecked flask was drawn through a Cambridge filter and a water trap by using an electrical pump at a flow of 1500 ml/min. The sidestream smoke from four cigarettes was produced by pulling air through a cigarette, as shown in Figure 1 , using a syringe (11, 13) . The tar was collected on the Cambridge filter (see Fig. 1 ) and extracted by washing the filter with approximately 15 Birnboim (17, 18) , to determine DNA damage. The principle of the FADU assay is that the concentration of double-stranded DNA can be measured using ethidium bromide, with relatively little interference from single-stranded DNA and RNA. Under alkaline conditions, nicked DNA unwinds faster than undamaged DNA. After exposure of the cells to ETS tar, the cells were lysed and then exposed to alkaline denaturing conditions for a short time. Then the pH was lowered to stop further unwinding, and the amount of double-stranded DNA remaining was determined using the fluorescence of ethidium bromide (17) . The cells were divided into three types of tubes: T-tubes (total double-stranded DNA); P-tubes (partially unwound DNA); and B-tubes (blank, no double-stranded DNA). The DNA unwinding time at 15°C was 45 min. As a final step, 1.5 ml of 6.67 pg/ml ethidium bromide was added to each tube. After this, all tubes were put in water bath at 26°C for 10 min. The amount of doublestranded DNA in each tube is determined by measuring the fluorescence of ethidium bromide at 520 nm excitation and 590 nm emission. We used three of each type of tube, T Qd= (log DC -log DETS) X 100, (2) where Dc is double-stranded DNA in control cells and DETS is double-stranded DNA in ETS-treated cells (17, 19) . (21) .
ESR. The ESR spectra of aqueous solutions and dried samples were determined as before (13) . Briefly, we measured the ESR spectra of dried samples using a Bruker ER 100-D X-band spectrometer with I100-kHz modulation frequency. The g-values were determined by comparison with the standard, 1, 1-diphenyl-2-picrylhydrazyl (22 Figure 3 . Electron spin resonance spectra of the material bound to polycarbonate filters after the following incubations: (A) Alveolar macrophages with ETS tar, (B) alveolar macrophages with mainstream tar. The incubations were treated as described in Materials and Methods.
exposed to ETS tar solutions has an ESR spectrum with a signal at g = 2.0047 (Fig.  3) . The same radical is present in the ETS tar solutions (g = 2.003) (11) . These g-values are within the range for the semiquinone radical signal (23) .
The DNA nicking caused by ETS tar solutions using rat thymocytes is shown in Figure 4 . Deferoxamine 27 ± 9 (n= 4) (1.0 mM) Abbreviations: ETS, environmental tobacco smoke; SOD, superoxide dismutase; GSH, glutathione; DTPA, diethylenetriamine pentaacetic acid.
aUnless noted otherwise, the data are reported as the average ± SD for three determinations. The equation to calculate percent protection is given in Materials and Methods. edge, this is the first report of the DNA nicking capability of tar from ETS.
Hydrogen Peroxide Production. Both mainstream tar solutions (20) and ETS tar solutions produce hydrogen peroxide with a time dependency (Fig. 2) . Mainstream tar solutions produce 15 times more H202 than ETS tar solutions (see Table 2 ). The generation of hydrogen peroxide may arise from the dismutation of superoxide formed during autoxidation of polyphenols, QH2, present in the tar solutions, as shown in Equations 4 and 5 (20, (24) (25) (26) DNA Nicking.The DNA nicking studies were done using the FADU assay of Birnboim (17) . Rat thymocytes were used. Although these cells are not a primary target for DNA damage in smokers and nonsmokers exposed to ETS, they have been used in the FADU assay for DNA damage (18) (13, (37) (38) (39) (40) . There are a number of reports of an association between ETS exposure and cancer (7, (41) (42) (43) (44) . Most of the reports are epidemiological studies (6) (7) (8) (9) 41, 42) .
One of the studies shows a direct relationship between ETS exposure and carcinogen-hemoglobin adducts levels in nonsmokers (41), while another shows that sidestream smoke condensate causes more skin cancer in mice than mainstream smoke condensate (43) . Even though these studies do not assess direct damage to DNA caused by ETS, is clear that components of ETS are genotoxic. As mentioned before, to our knowledge, this is the first report of the DNA-damaging capability of tar from ETS.
Our results with ETS tar solutions are similar to those obtained with aqueous cigarette tar from mainstream smoke. The mainstream smoke data were obtained during the same experiments as the ETS data but were published separately (13) . There is an increase in the amount of DNA damage detected in mammalian cells as the concentration of tar from ETS increases up to a maximum (saturation) point (see Fig.  4 ). This effect also occurs when mainstream tar solutions are used (13) .
To include (0,0) as the intercept in Figure 4 , an S-shaped curve appears to be required, although the confidence in this conclusion is masked by a substantial error in the points with low amounts of DNA nicking. Cells exposed to low concentrations of tar (0.1-0.2 mg tar/ml) give Qd values that are close to zero but do not appear to lie on a straight-line extrapolation of data at higher yields of DNA damage. If the S-shaped curve shown in Figure  4 is correct, this might imply there is threshold for ETS-induced DNA damage. However, results with low yields of DNA nicking may be due to limitations of the FADU assay.
The maximum DNA nicking occurs at a concentration of tar that is equivalent to 1.0 cigarette for ETS tar solutions or 0.24 cigarette for mainstream smoke tar solutions (Table 2 ). Thus, ETS tar solutions behave similarly to mainstream smoke tar solutions but are less potent on a per-cigarette basis. These results (Figs. 3 and 4) show that tar components in both ETS tar solutions and mainstream smoke tar are capable of entering a cell, penetrating the nucleus, associating with DNA, and causing nicks (45) .
Effect ofInhibitors on DNA Damage. (14) . High concentrations of DTPA (30 mM) abolish the signal of the hydroxyl radical spin-adduct in aqueous cigarette tar from mainstream smoke (24) . DTPA also provides partial protection (40%) against DNA damage caused by ETS tar solutions. This partial protection may arise from inhibition of metal-catalyzed hydroxyl radical production (24) .
Superoxide dismutase does not protect more than boiled SOD against DNA damage caused by ETS tar solutions or mainstream tar solutions (see Table 1 ). As SOD catalyzes the dismutation of superoxide to hydrogen peroxide and hydrogen peroxide is involved in nicking DNA, we do not expect SOD to be protective.
Glutathione protects against DNA nicking by ETS tar solutions, probably by scavenging oxidants. The same results were observed when mainstream tar solutions were used (13) . Glutathione is known to form covalent adducts with quinones and hydroquinones (46) (47) (48) . Thus, the GSH protection of DNA may be related to the ability of GSH to add to quinones and hydroquinones and perhaps prevent the addition to and nicking of DNA, or to the well-known ability of GSH to quench radical signals (49 (1, 6) , can reach more distal alveolar spaces of the lung, where the ETS tar par-I 3VmVr ticles could release reactive species into the aqueous medium of the lung, and cause DNA damage. Clearly, ETS is involved in nicking DNA, and this damage may account for carcinogenic effect of ETS tar.
